Vascular injury plays an important role in the primary and secondary injury mechanisms that cause damage to the acutely traumatized spinal cord. To understand the pathophysiology of human spinal cord injury, the authors investigated the vascular system in three uninjured human spinal cords using silicone rubber microangiography and analyzed the histological findings related to vascular injury in nine acutely traumatized human spinal cords obtained at autopsy. The interval from spinal cord injury to death ranged from 20 minutes to 9 months. The microangiograms of the uninjured human cervical cords demonstrated new information about the sulcal arterial system and the pial arteries. The centrifugal sulcal arterial system was found to supply all of the anterior gray matter, the anterior half of the posterior gray matter, approximately the inner half of the anterior and lateral white columns, and the anterior half of the posterior white columns. Traumatized spinal cord specimens in the acute stage (3-5 days postinjury) showed severe hemorrhages predominantly in the gray matter, but also in the white matter. The white matter surrounding the hemorrhagic gray matter showed a variety of lesions, including decreased staining, disrupted myelin, and axonal and periaxonal swelling. The white matter lesions extended far from the injury site, especially in the posterior columns. There was no evidence of complete occlusion of any of the larger arteries, including the anterior and posterior spinal arteries and the sulcal arteries. However, occluded intramedullary veins were identified in the degenerated posterior white columns. In the chronic stage (3-9 months postinjury), the injured segments showed major tissue loss with large cavitations, whereas both rostral and caudal remote sites showed well-demarcated necrotic areas indicative of infarction mainly in the posterior white columns. Obstruction of small intramedullary arteries and veins by the initial mechanical stress or secondary injury mechanisms most likely produced these extensive white matter lesions. Our studies implicate damage to the anterior sulcal arteries in causing the hemorrhagic necrosis and subsequent central myelomalacia at the injury site in acute spinal cord injury in humans.
adjacent areas after severe spinal cord injury. [9, 10, 13, 32, 33] Using microangiographic techniques, regions of severe ischemia were demonstrated in the traumatized spinal cord in rats, [20, 21, 34, 45] cats, [1, 5, 7, 31] rabbits, [8, 27, 44] and monkeys. [11] The pathophysiology of vascular mechanisms of secondary neural injury was the topic of a recent review. [37] In the present study, we investigated the vascular system in three uninjured human cervical spinal cords using silicone rubber microangiography. This technique allows three-dimensional analysis of the intramedullary vessels after the spinal cord is made transparent with an alcohol-methylsalicylate technique. [21] The present study is the first to use this technique to visualize the vascular system in the human spinal cord. It was believed that this technique would provide useful information for interpreting vascular damage in acute spinal cord injury, especially the phenomena of secondary injury and remote infarction. In addition, we analyzed histological findings in nine traumatized human spinal cords obtained at autopsy. The purpose of these studies was to determine the role of vascular injuries in the pathophysiology of human spinal cord injury.
MATERIALS AND METHODS

Silicone Rubber Angiography in the Uninjured Human Spinal Cord
Uninjured human spinal cords were removed at the cervical level from three cadavers during autopsy to examine the normal vascular system using the silicone rubber microangiographic technique. These three individuals, aged 62 to 77 years old, had had no spinal cord lesions and died of cerebrovascular accidents or pneumonia. The interval from death to autopsy ranged from 18 to 66 hours. Before removing the spinal cord, the left vertebral artery was cannulated at its origin at the subclavian artery and was infused with 800 to 1000 ml saline. The spinal cord was then removed from C-2 to T-2 (two cases) or from C-4 to T-2 (one case) by means of an anterior approach.
The C-5 anterior radiculomedullary artery was cannulated with a tapered PE-50 tubing under a dissecting microscope. The cut ends of the anterior spinal artery and other radiculomedullary arteries transected during removal of the cords were then ligated with No. 6-0 nylon or No. 4-0 silk. Silicone rubber (Microfil; Flow Tek., Inc., Boulder, CO) was prepared immediately before injection. The spinal cord was perfused with 1 to 5 ml of saline from the PE-50 tubing and 0.7 to 1 ml of silicone rubber was injected manually through a 1-ml syringe for approximately 5 minutes. Following the silicone rubber injection, the spinal cords were stored in a refrigerator overnight, after which they were immersed in 10% buffered formalin for at least 3 weeks.
The vasculature on the surface of the spinal cord was inspected using a dissecting microscope. The cord was dehydrated with alcohol and immersed in methylsalicylate, which rendered the tissue transparent. The cord was then cut transversely or coronally into 2-mm slices with a razor blade. The cord slices were immersed in methylsalicylate in a petri dish, and the intramedullary vasculature was inspected through a microscope. The course of the intramedullary vessels could be tracked by changing the microscopic focus, which allowed a three-dimensional analysis of the vessels in these 2-mm thick sections.
Histological Analysis of Acute Human Spinal Cord Injury
To investigate the vascular changes that occur in acute spinal cord injury, the histological findings in the acutely traumatized spinal cords of nine autopsy cases were analyzed. These nine patients, who were aged 10 to 79 years when they died, had suffered complete or incomplete cord injury at the cervical level (Table 1) . One patient died immediately after he had sustained a high cervical cord injury in a traffic accident. The other eight patients died of pneumonia, pulmonary embolism, or brainstem infarction 3 days to 9 months after they had sustained cervical trauma ( Table 1) . The spinal cord specimens were stained with hematoxylin and eosin for general features and luxol fast blue stain for myelinated axons. The anterior surface of the cervical cord. The rostral end is to the left. Silicone rubber was injected into the C-5 radiculomedullary artery through tapered PE-50 tubing (arrow). The arterial and venous channels over the spinal cord surface are almost completely filled with silicone rubber. Center: The anterior surface and anterior median sulcus of the cervical cord after silicone rubber injection. The pia mater, which covers the anterior spinal artery and vein, has been divided. The rostral end is to the left. The forceps are holding the pia mater on the anterior surface to open the anterior median sulcus where the sulcal arteries are seen as branches of the anterior spinal artery (A). At the posterior end of the anterior median sulcus, the sulcal arteries (arrows) course laterally in front of the anterior white commissure and enter either the right or left half of the spinal cord. Lower: Lateral surface of the spinal cord at the C7-8 level after silicone rubber injection. The anterior spinal artery (A) gives rise to a lateral branch (arrow), which then courses over the anterior and lateral surfaces of the cord. Subsequently, this branch extends subpially (lower arrowhead) under the dentate ligament, which can be discerned as the faint white structure (D), and then communicates with a small branch from the posterior spinal artery (upper two arrowheads).
RESULTS
Vascular System in the Nontraumatized Cervical Cord
Most of the arterial system on the surface of the nontraumatized spinal cord was completely filled with the silicone rubber ( Fig. 1 upper) , although segments of the posterior spinal arteries were only partially filled in two of the cords. Two of the cords also showed filling of the venous channels on the surface of the cords.
Anterior Surface. The outer layer of the pia mater was found to cover the anterior spinal artery and vein on the anterior surface. Two to six anterior radiculomedullary arteries fed the anterior spinal artery in the examined segments. The anterior spinal artery consisted of a single trunk in one spinal cord and divided into two vessels for a short distance in the other two spinal cords. The anterior spinal artery gave rise to sulcal arteries, which travelled in the anterior median sulcus, and also a few small caliber lateral branches, which travelled over the anterior surface of the spinal cord. The sulcal arteries ran into the anterior median sulcus and travelled in a slightly rostral direction to enter either the left or right half of the spinal cord (Fig. 1 center) . Usually a sulcal artery supplied only one side of the cord with the adjacent sulcal artery supplying the other side. A small number of sulcal arteries were found to supply both sides of the spinal cord. The mean number of sulcal arteries per centimeter of cord in the examined segments was 4.6 ( Table 2 ). There was overlap in the supply so that each segment of gray matter contained capillaries branching from two to three sulcal arteries. These features could be appreciated three-dimensionally in the cleared specimens. In the anterior sulcus, the sulcal arteries often had small direct branches to the medial anterior white columns. Bifurcation of the sulcal artery was common in the anterior sulcus: 13 to 28% (mean 19%) of the sulcal arteries bifurcated in the anterior median sulcus. These bifurcated sulcal arteries frequently supplied the spinal cord bilaterally, although each branch supplied only one-half of the cord ( Table 2 ).
The lateral branches of the anterior spinal artery coursed subpially over the anterior and lateral white columns. The mean number of these lateral branches was 1.6 per centimeter of cord ( Table 2 ). Many of the lateral branches that reached the lateral columns connected subpially with branches of the posterior spinal arteries (Fig. 1 lower) . Connections between lateral branches of the anterior spinal artery themselves also occurred on the lateral surface of the cord. Posterior Surface. The posterior spinal veins and the posterior spinal arteries were situated on the posterior pial surface in the subarachnoid space, and arachnoid trabeculae were identified along the posterior midline. In contrast, on the anterior surface the anterior spinal artery and veins were covered by pia mater and there were no trabeculae in the anterior subarachnoid space. The posterior spinal arteries were usually paired arterial channels that ran immediately medial or lateral to the posterior root entry zone on each side and connected with each other over the posterior surface through numerous communicating branches. Intramedullary Vessels. The sulcal arteries supplied all of the anterior gray matter and the anterior part of the posterior gray matter (Fig. 2  upper) . Branches of the sulcal arteries coursed through the gray matter and then supplied approximately the inner half of the anterior and lateral white columns (Fig. 2 center) . The base of the posterior white columns was also supplied by branches from the sulcal arteries (Fig. 2 right) . Approximately the outer half of the anterior and lateral white columns was supplied by the centripetal arterial system from the pial arteries. The posterior spinal arteries and their branches supplied the posterior part of the posterior gray matter and approximately the posterior half of the posterior white columns.
The intramedullary veins were only partially filled with silicone rubber. The radial veins in the anterior and lateral white columns and the posterior septal veins in the posterior white columns were identified in two cords.
Histological Analysis of Acute Spinal Cord Injury
Immediate Period. In the patient who died approximately 20 minutes after he had been injured in a traffic accident (Case 1), the spinal cord was found to be transected at C1-2 due to atlantoaxial dislocation and a fractured odontoid process. Histological sections obtained from the C-1 level showed an almost normal appearance except for multiple small hemorrhages in the gray matter (Fig. 3) .
at low magnification (original magnification X 7) shows an almost normal appearance. Lower: Higher magnification (original magnification X 100) of this section reveals multiple small hemorrhages in the anterolateral gray matter. Acute Phase. Two patients (Cases 2 and 3) died 3 and 5 days, respectively, after they had sustained spinal trauma as a result of brainstem infarction caused by traumatic occlusion of the vertebral artery. The patient in Case 2 had a C4-5 anterior dislocation and was treated surgically on the day of injury by open reduction, C4-5 laminectomy, posterior midline myelotomy, and hypothermic perfusion at the injured segment. Histological analysis of the traumatized segment in this case showed marked intramedullary hemorrhage that involved almost the whole spinal cord in the transverse plane (Fig. 4 upper left) . The anterior spinal artery and sulcal artery at this level were patent, although the anterior spinal artery showed invasion of polymorphonuclear cells in the endothelial layer. At the adjacent level (approximately C-3) where the dura mater was intact and, hence, distant from the operated segment, the spinal cord showed decreased staining centrally with intact peripheral white matter (Fig. 4 upper right) . The affected white matter in this level was almost totally necrotic, showing disrupted myelin, enlarged periaxonal spaces, swollen axons, and invasion of polymorphonuclear cells. Many intramedullary veins in the posterior white columns were occluded and filled with polymorphonuclear cells (Fig. 4 lower left) . The gray matter showed major stagnation of flow with many small vessels packed with red blood cells, extravasation of red blood cells, and invasion of the tissue by polymorphonuclear cells. At the more rostral level (approximately C-2), the necrotic changes and red cell extravasation were more confined to the basal part of the posterior white columns and focal segments of the lateral white columns (Fig. 4 lower right) . In Case 3, in which the patient had suffered a C4-5 fracture dislocation and an incomplete cord lesion (complete loss of distal motor function, but sparing of sacral sensation), the gray matter of the injured segment showed numerous hemorrhages and the white matter surrounding the hemorrhagic gray matter showed extensive necrosis (Fig. 5) . Much of the peripheral white matter showed a more normal appearance with persisting myelinated axons in the subpial rim of tissue. There was no evidence of occlusion of the anterior spinal artery or sulcal arteries. 
Subacute Phase. The patient in Case 4 died due to acute pulmonary embolism at 17 days and the patient in Case 5 died of acute bronchopneumonia at 18 days after sustaining spinal trauma. Cases 4 and 5 did not show any discernible normal white matter at the injury site, even in the subpial rim. The tissue was completely replaced by lipid laden phagocytic cells that frequently contained hemosiderin. Many dilated small vessels were also identified (Fig. 6 ), which were most likely new vessels proliferating into the necrotic tissue. At adjacent levels, the white matter showed varying degrees of degeneration with a variety of degenerative axonal changes, including enlargement of the periaxonal spaces and swollen giant axons. Chronic Phase. Four patients (Cases 6-9) died of pneumonia 3 to 9 months after they had sustained trauma. In two of these patients (Cases 6 and 7), the spinal cord at the injured segment showed complete necrosis with virtually no identifiable normal gray or white matter even at the subpial rim (Fig. 7 upper) , although there was some gliosis and many phagocytic cells. In two patients (Cases 8 and 9), there was some remaining peripheral white matter. At the adjacent rostral and caudal segments, 1 to 2 cm remote from the injury site, the base of the posterior columns contained clearly demarcated areas of necrosis that were highly suggestive of discrete infarcts (Fig. 7 lower) . In these remote necrotic areas, there was no evidence of previous hemorrhage such as deposits of hemosiderin. Similar remote discrete infarcts were also observed in the lateral white matter in one case. Clusters and nests of proliferating Schwann cells were observed in the posterior and anterior white columns at the injury site in two cases (Cases 8 and 9). 
DISCUSSION
Blood Supply to the Human Spinal Cord
The aim of examining the blood supply to the human spinal cord using three-dimensional silicone rubber microangiography was to obtain information for determining the pathophysiology of major vascular lesions in human spinal cord injury. There have been many excellent studies of the blood supply of the human spinal cord, which have demonstrated the centrifugal supply from the sulcal arteries, the centripetal supply from the posterior spinal and pial arteries, and the intervening watershed zones supplied through both routes. [3, 12, 14, 15, 22, [40] [41] [42] [43] The present three-dimensional study confirms this arrangement. We also demonstrated the origin of the pial arteries as lateral branches from the anterior spinal artery and that these communicate extensively with lateral branches originating from the posterior spinal arteries. The sulcal arteries, which number approximately four to five per centimeter of cervical cord, often bifurcate in the anterior median sulcus. These findings are also similar to those described by other authors. [42, 43] However, the descriptions of the pattern of the intramedullary arterial supply in the human spinal cord have differed among the authors. According to Turnbull and colleagues [41, 42] and Lazorthes, et al., [22] the sulcal arteries supply most of the gray matter and also the base of the posterior white columns (Fig. 8) . These authors showed that the overlap between the zones of supply from the centrifugal sulcal arteries and the centripetal penetrating arteries is located at the junction of the outer border of the gray matter and adjacent white matter. Furthermore, these reports showed that most of the white lateral columns are supplied only by the penetrating branches from the pial arterial plexus. In contrast, according to Gillilan's [12] study, the penetrating arteries from the pial arteries supply the outer rim of the white matter and the overlapping area, which is much larger than that found by Turnbull and colleagues, and comprises the outer rim of the gray matter and the inner two-thirds of the white matter in the lateral and anterior spinal cord (Fig. 8 ). Herren and Alexander [15] reported that the lateral corticospinal tract is nourished by branches of the sulcal arteries, a finding supported by the present study. Although some of the differences in observations by previous investigators might be due to variations in vasculature in different spinal cord specimens, it is more likely that the discrepancies are due to the difficulties in differentiating arteries from veins inherent in the postmortem two-dimensional microangiographic techniques used in previous studies. The lack of three-dimensional observation is also likely to have produced misinterpretation of the zones of supply. In contrast, the three-dimensional silicone rubber microangiographic technique used in the present study allows accurate mapping of the extent of supply and also is of major benefit in differentiating arteries and veins. Also, our injection technique fills mainly the arterial system and capillaries; this aided our differentiation between arteries and veins. The present results prove that the sulcal arterial system supplies all the anterior gray matter, the anterior half of the posterior gray matter, approximately the inner half of the anterior and lateral white matter columns, and the anterior half of the posterior white columns (Fig. 8) . It is of interest that the distribution of peripheral white matter lesions caused by a pial arterial circulatory disturbance in the two autopsy cases of systemic lupus erythematosus reported by Nakano, et al., [25] is consistent with our findings concerning the pattern of vascular supply in the cord. Fig. 8 . Diagrams diplaying patterns of arterial supply in the normal human cervical cord. The central area is supplied by the centrifugal arterial system composed of branches of the sulcal arteries (SA). The peripheral white matter and the posterior portion of the posterior gray matter are supplied by the centripetal arterial system composed of branches of the posterior spinal arteries and the pial arteries (PA). The shaded area shows the overlap or watershed zone between the centrifugal and centripetal arterial systems. Note the differences in the patterns of arterial supply between previous authors and the present study. The present findings indicate that the centrifugal system supplies most of the gray matter and the medial white matter of the anterior, lateral, and posterior white columns.
Histology and Pathophysiology of Vascular Lesions in Human Spinal Cord Injury
Although the present study included only one case examined in the 1st hour after injury, in the literature there are several cases examined within the first 24 hours after severe spinal cord injury that have shown petechial and more confluent hemorrhages in much of the gray matter. The absence of cellular and tissue necrosis in the early period has been reported in several studies of human spinal cord injury. [16] [17] [18] 23 ] Thereafter, there is evidence for a progressive necrotizing process. In the present study, specimens examined 3 to 5 days after injury showed severe tissue necrosis and an inflammatory cell infiltration that affected the gray matter and extended out into the white matter. Our study confirmed that none of the major arteries on the surface of the human spinal cord, including the anterior and posterior spinal arteries, are occluded at the injury site or remotely at any time after trauma. This finding corresponds to those of our previous microangiographic studies [20, 21, 45] 
large arteries at all times after injury. Jellinger [16] also reported that in human spinal cord injury traumatic occlusion or thrombosis of the major arteries on the surface of the cord is extremely rare. These findings lead to the conclusion that the location of vascular damage in human spinal cord injury is primarily in the intramedullary vascular system.
It is of major interest that the supply territory of the sulcal arteries, as defined by the microangiographic study, corresponds very closely to the distribution of both the hemorrhagic necrosis in the acute phase and the central myelomalacia and cavitation of the later phases, which involve most of the gray matter and at least the inner half of the white matter of the anterior, lateral, and posterior columns. Thus, the site of the major arterial injury implicated in acute spinal cord trauma is the anterior sulcal artery within a short distance from its origin at the anterior spinal artery. To produce the extensive bilateral areas of damage in the rostral-caudal plane, which were seen in most of the cases of acute spinal cord injury examined in the present study, would require damage to several anterior sulcal arteries because these arteries supply alternate sides of the cord and overlap with two or three sulcal arteries supplying each destination. We found an average of 4.6 sulcal arteries per centimeter of cord and estimate that to produce a complete cord injury, such as that shown in Fig. 4 upper right, would likely involve damage to approximately 1 cm of cord tissue containing two or three sulcal arteries supplying blood to each side. Incomplete cord injuries, such as that shown in Fig. 5 , might occur from shorter lengths of damaged cord containing only one or two sulcal arteries on each side. Occlusion of the sulcal arteries more distally would allow greater preservation of the anterior parts of the cord (Fig. 5) , which would continue to receive blood through persisting small branches of the sulcal artery arising in the anterior median sulcus. Thus, our findings also suggest that less severe injuries would damage the sulcal arteries distally, whereas more severe injuries would damage the sulcal arteries proximally. The exact nature of the arterial damage could be direct mechanical damage or a secondary process such as vasospasm.
It is acknowledged that there are alternative explanations for central hemorrhagic necrosis and central myelomalacia. For example, it could be hypothesized that the principle anatomical site of vascular injury is the endothelial cells of capillaries, either by direct mechanical trauma or secondary to ischemia. In turn, endothelial cell damage would result in hemorrhage and then infarction. However, this concept of endothelial cell capillary damage is less consistent with the anatomical distribution of central hemorrhagic necrosis and myelomalacia than the sulcal artery hypothesis.
In the present study, at the injury site the gray matter was more prone to be hemorrhagic, whereas most of the white matter showed nonhemorrhagic degenerative changes including decreased staining, periaxonal and axonal swelling, and disruption of myelin in the acute stage (3-5 days postinjury). These white matter lesions were distributed around the hemorrhagic gray matter and extended rostrally and caudally from the injury site, especially in the posterior white columns. It is highly likely that these nonhemorrhagic white matter lesions progress in time to become the well-demarcated necrotic white matter areas in the later stages that have the histological appearance of infarcts. The predominance of hemorrhages in the gray matter can be explained on the basis of the rich capillary network in the gray matter, the latter being highly susceptible to mechanical stress because of its looser, more yielding texture. The surrounding white matter lesions may be partly explained by the centrifugal vascular supply of the sulcal arteries. As noted above, silicone rubber microangiograms showed that the inner half of the white matter was predominantly supplied by small arterial branches from the sulcal arteries, which course through the gray matter to reach the white matter. Thus, it is highly likely that interference with the sulcal centrifugal arterial system in the gray matter leads to a subsequent interruption of blood flow to the inner half of the white matter. Similar to the above discussion about proximal and distal sulcal artery damage, the possible mechanisms of interference with these "en passage" smaller branches of the sulcal arteries would include direct mechanical or secondary damage (Fig. 9 ). There is experimental evidence for the concept of secondary vascular damage involving the centripetal sulcal system. For example, we found a direct relationship between hemorrhagic gray matter and adjacent ischemic zones in the white matter in rats after acute clip-compression injury studied with colloidal carbon angiography. [45] Also, our laboratory previously showed vasospasm of the sulcal arteries [20] in similarly injured rats studied with polyester resin and scanning electron microscopy. Our laboratory and others have also postulated that ischemia of the posterior white columns can be produced by disturbances of venous drainage in the acutely traumatized spinal cord. [20, 21, 35, 36] Support for this hypothesis comes from observations that venous occlusion in the spinal cord in various pathological conditions causes predominantly white matter lesions. [19, 28, 30] With a weight-drop model of mild spinal cord injury, Dohrmann and associates [6] reported that disruption of the muscular venules in the gray matter occurs early after trauma in primates. In the present study, we found occluded veins filled with polymorphonuclear cells in the degenerated posterior white columns in the acute stage (Case 2). However, it was not possible to determine whether the venous occlusion was caused by direct mechanical damage of the veins or was secondary to arterial or capillary occlusion. In our opinion, it is highly likely that venous damage, either direct or secondary, contributes significantly to the nonhemorrhagic white matter lesions. Our previous studies of veins in rats with spinal cord injury using silicone rubber angiography demonstrated several anatomical features that make these veins suceptible to occlusion during compression injury. [21] Unfortunately, the present study did not provide sufficient opportunity to study the anatomy of the venous drainage to determine if there are similar anatomical features in the human cord.
The distribution of mechanical stress in the traumatized spinal cord could be another important factor affecting the vasculature to cause the extensive white matter lesions. Blight and Decrescito [2] used silastic tubing filled with gelatin as a physical model of the spinal cord to demonstrate that an anteroposterior compressive force on the tube produces longitudinal stress that is most intense in the center of the tube. Because the pia mater is a strong membrane, the large vessels on the surface of the spinal cord and in the anterior median sulcus would be relatively spared from major damage due to mechanical stress exerted in the anteroposterior direction. However, the smaller intramedullary vessels would be stretched in the longitudinal plane. Differences in compliance in the spinal cord may produce a shearing stress on microvessels that form a bridge between the gray and white matter. Such a stretching force and shearing stress may obstruct the microvessels directly, or initiate secondary pathological responses in the vascular walls, such as platelet aggregation or invasion by polymorphonuclear cells, which subsequently lead to vascular occlusion.
McVeigh [24] postulated that necrotic, pulped spinal cord tissue produced in the traumatized segment could invade longitudinally and travel rostrally and caudally in the center of the cord. He considered that the remote lesions in the posterior white columns are caused by invasion of the pulped mass. We saw no evidence of this process in our cases. For example, there was no evidence of hemorrhagic tissue in these remote areas of necrotic white matter in the acute stage, and there was no evidence of previous hemorrhage in the necrotic white matter in the chronic stage.
Recently, Quencer, et al., [29] and Bunge, et al., [4] reported excellent studies of the pathological findings of the traumatized spinal cord in humans. In particular, they showed a lack of hemorrhage in the gray and white matter in several cases of central cord syndrome. Instead, they found major axonal injury in the lateral corticospinal tracts which they attributed to anteroposterior compression forces. Although they did not mention the possibility of a vascular mechanism of injury, our studies suggest that stretching or compression of the centrifugal sulcal branches might result in occlusion or constriction of these vessels supplying the corticospinal tracts.
Further investigation is necessary to elucidate the pathophysiology of hemorrhagic gray matter lesions and nonhemorrhagic white matter lesions in acute spinal cord injury in humans. To date, our investigations provide evidence of the importance of the centrifugal sulcal arterial system, which may be the principal site of the primary direct mechanical injury and the secondary mechanisms of injury, some of which (such as vasospasm) may be delayed and amenable to treatment.
